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ABSTRACT 

We study how the addition of on-board optical photometric bands to future space-based weak 
lensing instruments could affect the photometric redshift estimation of galaxies, and hence improve 
estimations of the dark energy parameters through weak lensing. Basing our study on the current 
proposed Euclid configuration and using a mock catalog of galaxy observations, various on-board 
options are tested and compared with the use of ground-based observations from the Large Synoptic 
Survey Telescope (LSST) and Pan-STARRS. Comparisons are made through the use of the dark 
energy Figure of Merit, which provides a quantifiable measure of the change in the quality of the 
scientific results that can be obtained in each scenario. Effects of systematic offsets between LSST 
and Euclid photometric calibration are also studied. We find that adding two (U and G) or even 
one (U) on-board optical band-passes to the space-based infrared instrument greatly improves its 
photometric redshift performance, bringing it close to the level that would be achieved by combining 
observations from both space-based and ground-based surveys while freeing the space mission from 
reliance on external datasets. 

Subject headings: galaxies: distances and redshifts - gravitational lensing: weak - instrumentation; 
miscellaneous 



1. INTRODUCTION 

Over the past few years, it has been shown that ap- 
proximately 74% of the energy density of the universe is 
in the form of dark energy (DE). Often represented as 
the cosmological constant A in Einstein's theory of gen- 
eral relativity, DE causes the expansion of the Universe 
to accelerate (see Copeland et al. 2006 for a review). 
A great deal of effort is being put into constraining the 
DE equation of state parameters in order to better un- 
derstand the phenomenon. One promising method of 
placing high accuracy constraints on the DE parameters 
is through weak lensing, which involves measuring the 
shape of numerous galaxies over a large area of the sky 
(e.g. Blandford et al. 1991, Bartelmann & Schneider 
2001, Refregier 2003). 

An important source of error in the weak lensing anal- 
ysis comes from uncertainties in the photometric redshift 
(photo-z) estimation to each galaxy, which is required to 
form a three dimensional map. While they are less accu- 
rate than spectroscopic redshifts (spec-zs), the extremely 
large area (20 000 deg^) planned for future dark energy 
surveys necessitates the use of photo-zs (see Hildebrandt 
et al. 2010 for a summary of current photometric red- 
shift techniques and capabilities). The effects of photo-z 
uncertainities on weak lensing were studied by Huturer 
et al. (2006), who placed stringent constraints on the de- 
gree of accuracy and precision required in order for the 
redshift estimations to be useful in tomography. Indeed, 
current goals state that the standard deviation of the 
photo-zs must be less than 0.05(1 -I- z) and that any bias 
in the photo-zs must be known to a degree of 0.002(l-|-z). 
Ma et al. (2006) found that in order to satisfy these cri- 
teria, a large spectroscopic survey (on the order of ^ 10'"' 
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galaxies) must be carried out to properly calibrate the 
photometric redshifts. Several works since then have 
found that the amount of spectroscopy needed can be 
reduced by optimizing the spectroscopic survey to cover 
important redshift ranges (Ma & Bernstein 2008, Sun et 
al. 2009, Berstein & Huterer 2010), while Bordoloi et al. 
(2010) studied how the photo-zs themselves can be used 
for calibration. 

Because of confusion between breaks, photometric red- 
shifts are especially prone to catastrophic outliers, which 
can greatly impact the weak lensing analysis (Sun et al. 
2009, Bernstein & Huterer 2010). It was found that 
the number of catastrophic outliers can be greatly re- 
duced if ground-based photometry (u,g,r,i,z,y) is compli- 
mented with near-infrared (NIR) photometry (Abdalla 
et al. 2008, Nishizawa et al. 2010). To this aim, both 
WFIRST and Euclid, two space-based instruments that 
will study weak lensing, will include a NIR channel to 
facilitate accurate photometric redshifts. However, in 
their current state, neither instrument can obtain accu- 
rate photo-zs by itself. Instead, they must rely on com- 
plimentary observations from ground-based instruments 
(such as the proposed Large Synoptic Survey Telescope, 
LSST, or the Panoramic Survey Telescope and Rapid 
Response System, Pan-STARRS). Various comphcations 
may arise from trying to combine such a large amount 
of data from two or more observatories, and it may be 
beneficial if a space-based instrument could produce its 
own optical observations. 

In this work, we study how future space-based weak 
lensing missions may benefit from the addition of on- 
board optical photometry. We do this in the context of 
the current Euclid design in order to ground our results 
in reality, but the conclusions could apply just as well to 
WFIRST or any other future weak lensing instrument. 
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Euclid is comprised of both a visual (VIS) channel and 
a near infrared (NIR) channel. The proposed VIS chan- 
nel is made of a very broad filter (RIZ) which covers the 
wavelength range 0.55-0.92/xm and will be used primarily 
to measure galaxy shapes for weak lensing. The NIR pho- 
tometric channel includes three band-passes {Y, J, and 
H) and spans wavelengths from 1.0 to 1.6/im. 

While one could design a highly-optimized, multi- 
element on-board filter system, our aim, instead, is to 
explore simple scenarios that result in relatively small 
perturbations to the current Euclid instrument and mis- 
sion design. To this end we explore the impact of adding 
two on-board optical band-passes {U and G) to Euclid 
and compare them to the results one would obtain by 
augmenting Euclid observations with ground-based op- 
tical observations. In Section 2, we detail the method 
with which we simulate a catalog of observed galaxies 
and generate photometric redshifts for each of the galax- 
ies. In Section 3 we present the photometric redshift 
distribution of various filter combinations and compare 
these with the expected results of combining observations 
from Euclid with either LSST or Pan-STARRS using the 
dark energy Figure of Merit (FoM). Finally, we discuss 
the effects of any systematic offsets between the Euclid 
and ground-based observations on the weak lensing anal- 
ysis. 

2. METHOD 
2.1. Mock Catalog 

In order to study the effect of space-based optical ob- 
servations, we first needed a catalog of galaxies to be ob- 
served. Ideally, this catalog would have realistic redshift, 
color, and luminosity distributions in order to accurately 
model the galaxy population and its photometric redshift 
distribution. To this aim, we chose to use the COSMOS 
Mock Catalog (CMC; Jouvel et al. 2009). This cata- 
log draws upon observations from the COSMOS Deep 
Field (Capak et al. 2007) and the photometric redshift 
catalog of those galaxies (Ilbert et al. 2009). By combin- 
ing the best fitting redshift and extinction with observ- 
able properties such as galaxy type and half-light radius 
(Leauthaud et al. 2007), the CMC is by construction 
representative of a real galaxy survey. 

The CMC best-fitting spectral energy distribution 
(SED) templates were generated similarly to Ilbert et al. 
(2009) which used template libraries of both Polletta et 
al. (2007) and Bruzual & Chariot (2003). The Polletta 
et al. (2007) templates include SEDs of elliptical and spi- 
ral galaxies, whereas the Bruzual & Chariot (2003) tem- 
plates model starburst galaxies with ages ranging from 
3 to 0.03 Gyr. Additional extinction was applied to the 
templates using the Calzetti et al. (2000) extinction law 
with EiB - V) values of 0, 0.05, 0.1, 0.15, 0.2, 0.35, 0.3, 
0.4, and 0.5. 

In summary, the CMC provides best-fitting spectra 
and observed properties of 538 000 galaxies from the 
COSMOS-ACS catalog and covers an effective area of 
1.24 deg^. It has a maximum redshift of z = 3.64 and 
a median redshift of 0.96. The COSMOS mock catalog 
is limited by the completeness of the COSMOS imaging 
i^AB ^ 26.2 for 5a detection, Capak et al. 2007). 

2.2. Simulating Observations 



The proposed observational strategy for Euclid in- 
volves taking 4 dithered exposures of each field, with the 
total integration time of each dither being approximately 
700s (Duvet 2010). Euclid is designed such that the VIS 
and NIR channels can observe simultaneously. In order 
to limit the number of moving parts during the VIS inte- 
gration, the NIR spectrometer and the VIS channel will 
observe first (with an integration time of ~ 540s) after 
which the NIR photometry bands will observe sequen- 
tially (integration times given in Table [T|). All of our 
simulations for Euclid observations assume this observa- 
tional strategy. 

We studied photo-z performance with several Euclid 
U +G channel configurations as outlined in a recent CSA- 
sponsored study (Rowlands et al. 2011). We first as- 
sumed a best-case scenario where two dichroics split the 
VIS channel light such that the RIZ, G, and U filters 
can all observe simultaneously (i.e. three separate de- 
tectors). However, we also tested other scenarios: one 
where we removed one detector and dichroic and put the 
U and G filters on a filter exchanger so that they must 
share integration time, and another where all the filters 
are on an exchanger and all feed the same single detector. 
Finally, we also considered scenarios in which only one 
additional on-board filter — either U or G — is used. 

Assuming that the best-fitting SED from a galaxy in 
the CMC is the "true" signal from the galaxy, we simu- 
lated the observed magnitude of each galaxy in each of 
the Euclid filters (properties shown in Table[T]) by adding 
a random noise component to the "true" signal measured 
through each filter. 

Our method of estimating noise follows closely that 
described in the appendix of Jouvel et al. (2010), but 
a brief outline is given here. First, we calculated the 
expected signal to noise ratio {S/N). For space-based 
observations, the S/N can be found by 

S €!signa_i 

^ \/ Gsignal + esky + -/VpixA^cxpeRON^ + A^pix-ZVoxp^obsedark 

Here, esignai is the number of electrons produced in the 
device by the galaxy flux. The noise contributions in the 
denominator include Poissonian noise from the source as 
well as the background zodiacal light (esky), the dark cur- 
rent caused by the thermal radiation of the instrument 
(cdark), and also the read-out noise of the detector (bron) 
which follows a Gaussian statistic. A'pix is defined to be 
the number of pixels contained within a circular area of 
1.4 times the observed full width at half maximum of 
the galaxy, and A"oxp is the number of exposures (4 as 
planned in the Euclid survey) and iobs is the exposure 
time. For the VIS channel, we use edark=0.03 electrons 
per second, cron = 6 electrons, and assume 0.1 arcsec- 
ond pixels, whereas for the NIR we assume edark=0.05 
electrons per second, eRON = 5 electrons, and 0.3 arc- 
second pixels. The on-board optical U and G channel is 
assumed to have the same pixel scale as the NIR channel 
(0.3 arcsecond pixels), but the RON and dark current of 
the VIS channel. 

Once the theoretical SjN is determined, we simply 
added an error term to the true magnitude of the galaxy 
which is drawn from a Gaussian distribution of mean 
/X = and standard deviation cr = in'^('io) s/jv • "^^^ 
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way, realistic observational uncertainties are included in 
our final simulated observations, as is demonstrated in 
Figure [TJ By comparing Figure [T] with results from other 
radiometric performance simulations of Euclid (the Eu- 
clid Reference Payload Concept Document (Duvet 2010) 
predicts a S/N of 14.3 for the RIZ filter at a magnitude 
of 24.5, and 7.1 for the IR filters at magnitude 24), we are 
confident that our noise generation procedure produces 
reasonable results. 

For ground-based LSST observations our error simula- 
tions followed a different approach. In accordance with 
Ivezic et al. (2008), the expected photometric error for 
a single observation of a galaxy is given by 

O-LSST^ = Cr'iys + <^land (2) 

where Ggys — 0.003 and Grand is given by 

Grand^ = (0.04 - -f)x + -fX^ (3) 

with X = \{fiMin-mrS) ^ Here 7715 is the ha depth for point 
sources in a given band and 7 is based on factors such 
as the sky brightness and readout noise. Values for 
and 7 can be found in Table [5] To account for repeat 
observations. Grand is divided by 10 to give the error after 
100 observations. In a similar fashion to the space based 
observations above, an error term was added to each of 
the model magnitudes, which is drawn from a Gaussian 
distribution but now with g = "^^st _ Gaussian errors 
for Pan-STARRS are assumed to have the same form as 
those for LSST, but have been adjusted to match the 
sensitivities given in Abdalla et al. (2008) for a Pan-4 
like scenario (Table [2]). 

From the "true" signals of the CMC, we thus created 
a catalog of realistic observations for LSST, for Pan- 
STARRS, and for Euclid combined with a proposed on- 
board [/ + G optical channel. 

2.3. Photometric Redshifts 

From the noisy observations, we then calculated a pho- 
tometric redshift to each galaxy for various filter combi- 
nations. The photometric redshifts were estimated by 
comparing the simulated observed broadband photome- 
try with a grid of the model SEDs from the CMC. While 
this creates a situation where our model SED templates 
perfectly match the "reality" of the CMC galaxies, and 
therefore over-estimates the photo-z quality, we feel this 
is an unavoidable approach. While some systematic ef- 
fects of choice of SED templates are known (for example, 
the BC03 templates are thought to under-estimate stellar 
mass due to a poor treatment of the thermally pulsating 
asymptotic giant branch phase (Bruzual 2007)), most are 
not well understood. It would therefore be very difficult 
to realistically model the scatter and possible bias of the 
photometric redshift estimates as a consequence of our 
choice of model templates. We chose to instead focus on 
contributions to the photo-z error resulting from random 
photon statistics and possible systematic instrument cal- 
ibration errors, but acknowledge that the photo-zs given 
here may be slightly worse in reality because of imperfect 
SED templates. 

To calculate the photometric redshifts, we used the 
SEDfit software package (Sawicki & Yee 1998, Sawicki 
2011 [in prep]). This software redshifted the CMC model 
spectra onto a grid of redshifts spanning < z < 6 



in steps of 0.02 and attenuated them using the Madau 
(1995) prescription for continuum and line blanketing 
due to intergalactic hydrogen along the line of sight. It 
then integrated the resultant observer-frame model spec- 
tra through filter transmission curves to produce model 
template broadband fluxes. In order to match the model 
template fluxes to the simulated observations, the ob- 
served fluxes of each object were compared with each 
template in the grid by computing the statistic 

^2 ^ ifobsji) - sftptji)? 
^ G'^(i) ' 

i 

where fobs{i) and cr(i) are the observed flux and its uncer- 
tainty in the ith filter, and ftpt{i) is the flux of the tem- 
plate in that fllter. The variable s is the scaling between 
the observed and template fluxes, and can be computed 
analytically by minimizing the statistic with respect 
to s giving 

^ Y.,fobs{i)ftpt{i)/G'^{i) 

(Sawicki 2002). For each object, the most likely redshift 
is determined by the smallest value over all the tem- 
plates. Error bars are generated by refltting the object 
200 times with slightly perturbed photometry and flnd- 
ing the range in which 68% of the flts lie. 

2.4. Figure of Merit 

In order to objectively compare the different obser- 
vational scenarios, we employ the DE Figure of Merit 
(FoM) proposed by the Dark Energy Task Force (DETF). 
This number is the inverse of the area of the 2-cr uncer- 
tainty ellipse in the plane of the DE parameters wq and 
Wa ■ The FoM is thus a statement on the precision of the 
DE measurements, not necessarily the accuracy. 

We used the iCosmo package (Refregier et al. 2008) 
to calculate the FoM for each of our survey scenar- 
ios assuming a flat cosmology with fiducial cosmo- 
logical parameters of {ilm,wo,Wa, hjfli,, Gs,ns,flA) — 
[0.3, -0.95, 0, 0.7, 0.045, 0.8, 1, 0.7], an intrinsic ellipticity 
dispersion of 0.25, and 10 tomographic redshift bins. The 
calculations are done using only the weak lensing power 
spectrum which is summed over 10 < i < 20000, and the 
Wq — Wa uncertainty is marginalized over the other five 
parameters without any external priors. 

To orient our comparisons, the Euclid Science Book 
(Refregier et al. 2010) states that the current FoM is 
on the order of 10, which is generated using WMAP 
observations combined with Baryon Acoustic Oscillation 
(BAO) and Type la supernova distance measurements, 
as well as a prior adopted in accordance with Big Bang 
Nucleosynthesis (Komatsu et al. 2009). This is the FoM 
value currently achieved by combining several available 
DE probes; in contrast, in the rest of the paper we pre- 
senting FoM values attainable from weak lensing obser- 
vations alone, without the inclusion of other probes avail- 
able now or in the future. 

A FoM generated solely from a weak lensing survey 
using both space-based and ground-based observations is 
expected to be approximately 180 (see Table 4.1 in Euclid 
Science Book), over an order of magnitude greater than 
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the current figure. However, values can vary depend- 
ing on the parameters and methods used to estimate the 
expected FoM. For example, Amara & Refregier (2007) 
obtain a FoM of only 50 for a survey with properties sim- 
ilar to what is expected with Euclid plus ground-based 
observations (20 000 deg^ area, 35 gals/arcmin^, median 
redshift of 0.9). Regardless, if all cosmological probes ob- 
servable with Euclid are utilized then the FoM increases 
to ~ 400, and well over 1000 with the use of external 
prior constraints derived from Planck. 

It is informative to discuss how various parameters 
of the photometric redshift distribution affect the FoM. 
Amara & Refregier (2007) have shown that the FoM is 
almost directly proportional to the number density of 
galaxies in the photometric redshift catalog. However 
there is a trade-off between a wide and a deep survey, 
as they show that the FoM also depends strongly on the 
median redshift of the photo-z distribution (FoM oc z^^). 
The figure of merit also degrades as the precision of the 
photometric redshifts decreases (FoM oc lO"^-^^"'') and 
as the fraction of objects with catastrophic redshift er- 
rors (Fcata) increases (FoM oc 10~'^ '^^^':°*"). It is clear 
that accurate and precise photo-zs are important if a re- 
spectable FoM is to be obtained. 

3. RESULTS 

In this work, we used the above procedure to create 
a catalog of observations for each galaxy in the mock 
catalog, but limited ourselves to analyzing only those 
galaxies that have an AB magnitude less than 24.5 in 
the RIZ channel. We studied three options for a weak 
lensing survey: 1) using only the filters currently planned 
for the Euclid instrument {RIZ shape channel, Y, J and 
H), 2) the Euclid filters plus additional on-board op- 
tical filters U and G, and 3) the Euclid IR filters {Y, 
J, H) plus ground-based observations from either Pan- 
STARRS (grizy) or LSST (ugrizy). The first scenario 
was done strictly for comparison and is not expected to 
yield usable photometric redshifts since it has no optical 
observations. The second scenario we divided into several 
sub-cases in which we examined the impact of different 
exposure times with the two optical filters and also the 
effect of not using the RIZ shape channel for photom- 
etry. For the last case we preferentially used LSST for 
the ground based observations, since we found similar al- 
though slightly worse photometric redshift results using 
Pan-STARRS (see also Abdalla et al. 2008). A summary 
of the scenarios and results is presented in Table [3l The 
median redshift for all cases is 0.8. 

3.1. Euclid Alone 

The currently proposed strategy for Euclid has cho- 
sen to rely on other ground-based projects to obtain op- 
tical measurements for photometric redshift estimation. 
The optical wavelength observations are required in or- 
der to obtain accurate low redshift photo-zs by detecting 
the various breaks in a galaxy's SED as they appear in 
our observer frame. It is well understood that without 
any optical band-passes, virtually no constraints can be 
placed on the redshifts of low-z galaxies. Thus, it is no 
surprise that the plot shown in Figure [5] contains a large 
number of catastrophic redshifts as galaxies with z < 1 
are scattered upwards to higher redshifts. Note also that 
the standard deviation is well above the required 



level of 0.05 at nearly all redshifts and the FoM is less 
than the present-day value. Obviously, results can be 
improved by culling galaxies that have low-quality pho- 
tometric redshift estimates, as shown in Figure [3] where 
any galaxy with an uncertainty Azphot greater than 0.5 
has been removed. Removal of poorly constrained galax- 
ies can be a trade-off, as it tightens up the spread of the 
photo-zs and thus raises the FoM, but it also reduces the 
number density of galaxies which acts to lower the FoM. 
However, in this scenario, culling of poorly fit galaxies 
results in the removal of almost all galaxies needed for 
weak lensing in the target range of 0.3 < z < 2, resulting 
in a poor FoM. 

The point of this exercise is to emphasize that when 
it is said that Euclid will rely on ground-based obser- 
vations, it is fully reliant in that a weak lensing DE sur- 
vey will not be possible without optical photometry from 
other telescopes. 

3.2. Addition of an On-board U and/ or G Channel 

Figure |4] shows the drastic improvement in photomet- 
ric redshifts that can be found with the addition of two 
on-board optical band-passes to Euclid. The ability to 
discriminate low-z galaxies from high-z ones is invalu- 
able. While the overall standard deviation is still rather 
high (j-2-j > 0.05) due to the number of catastrophic 
failures at low redshift, a simple culling of untrustworthy 
galaxies {/S.Zphot < 0.5) brings this down to below the 
required level as shown in Figure [5] The right panels 
of Figures |3] and [5] demonstrate that even if the overall 
standard deviation is high, the standard deviation as a 
function of redshift can still be below the required value 
in the key redshift range for weak lensing (0.3 < z < 2). 
The resulting FoMs of 122 and 126 for the raw and culled 
scenarios respectively make it clear that the addition 
of on-board optical band-passes could make Euclid self- 
sufficient for weak lensing. Although observations from 
other instruments could of course still be used, Euclid 
would no longer be completely reliant on them. 

In the above scenario, both the U and G filter feed ded- 
icated detectors and so have the maximum exposure time 
available (~ 500s, the same as the RIZ shape channel). 
If the two optical bands cannot observe simultaneously, 
but instead have to share observation time as might be 
the case if a single detector plus a filter exchange mech- 
anism were used, this will have a negative impact on the 
photometric redshift estimations. Figure |6] shows that 
the optimal time-sharing arrangement would be approx- 
imately an even division of time. The FoM has a maxi- 
mum at near 50% observing time in each band of 118.84. 
The photometric redshift distribution of this best-case 
scenario is shown in Figure [T] 

The FoM stays at roughly the same level (115 < 
FoM < 119) until the observing time percentage drops 
below 30% in either band. At the extreme ends of shar- 
ing scenarios, it is clear that U band observations are 
more critical than G band observations, as the FoM with 
nothing but G is 67.4, much less than the FoM = 100.1 
for solely U band observations. The larger FoM comes 
from the better constraints the U band can place on the 
lowest redshift galaxies. In order to determine if two 
optical filters are absolutely necessary, we also tested a 
scenario with a broad filter that combined the U and G 
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wavelengths which resulted in a FoM of 87.86. While be- 
ing able to estimate the photo-zs of low-redshift galaxies 
better than just the G band, the broadness of this merged 
filter led to ambiguity as to where the 4000A break falls 
within the filter, and hence it was not able to break the 
degeneracy between low- 2: and high-z objects as well as 
simply the U filter. These results show that both a U 
and a G filter are required for optimal photometric red- 
shifts. Note, however, that using just the U filter gives 
a fairly adequate FoM of ^100 which, while not opti- 
mal, may prove to be the best compromise between the 
instrument's weight and complexity and the best obtain- 
able DE constraints. 

As a final scenario for Euclid, we tested the effects of 
splitting the broad shape channel RIZ filter into two sep- 
arate filters, hereafter called R and Z and adding U and 
G filters as well. In this scenario, all the filters feed one 
detector and would be mounted on a filter wheel. Eu- 
clid's planned total observing time per dither is fixed at 
~700s, which was divided among the U, G, R and Z fil- 
ters allowing ten seconds to account for the time taken to 
change filters. We found that using four filters {U,G,R, 
and Z) in this finite amount of time was not beneficial 
as the short observing time increased the signal to noise 
ratio. The best case we found used three filters {U,R, 
and Z) with the observing time split roughly evenly be- 
tween the three although slightly favoring the U band 
(40%, 30% and 30% of the observing time in the U, R, 
and Z bands respectively). This layout yields a FoM of 
105, lower than the scenarios with one broad shape chan- 
nel and two optical bands, but slightly higher than one 
broad shape channel and the U band alone. However this 
figure is an upper limit at best, as it is uncertain if accu- 
rate shape measurements will be attainable in the R or Z 
band with this little observing time. If the shape channel 
were to be split up, a different survey strategy that al- 
lows more observation time per object may be preferable 
in order to increase the S/N in the observations, both 
for photometry and shape measurements 

3.3. Euclid's IE plus Ground-Based Observations 

For comparison, we now show what is expected to be 
obtainable with the use of ground-based telescopes plus 
the IR bands from Euclid. In these scenarios, all sur- 
veys are assumed to overlap completely and cover the 
same 20 000 deg^ area. This yields a best-case result 
and if the overlap between Euclid's space-based survey 
and ground-based surveys turns out to be smaller, then 
the FoM would be negatively affected. In fact, the FoM 
scales linearly with the survey area (Amara & Refregier 
2007) so that if only half of the space-based survey over- 
laps with the ground-based component then the expected 
FoM will also be cut in half. 

Figures M and M show the results for Pan-4 and LSST 
respectively. The Pan-4 scenario is slightly worse than 
the Euclid-|-f7G case, while the LSST results are slightly 
better due to its deeper observations relative to Pan- 
STARRS. We wih hence use the LSST observations for 
all future discussion. AbdaUa et al. (2008) note that 
in order to obtain reliable photo-zs, shallower surveys 
such as DES or Pan-STARRS are not well matched to 
the Euclid survey, and show similar effects on the FoM 
due to the increased photo-z scatter from these shallower 
surveys. 



In the interest of establishing a time frame for the de- 
sired lensing results, we investigated how long it would 
take LSST plus Euclid to reach the same FoM as the Eu- 
clid plus on-board optical scenario, and found that LSST 
needs to observe each galaxy at least 45 times to have 
the same FoM (126) as Euclid plus optical filters (ap- 
proximately 6 months of observations with LSST). After 
this point, the FoM will increase as LSST makes more 
and more observations. We now have a simple means 
of estimating how many LSST observations are needed if 
Equation[2] turns out to be overly generous in reality. For 
example, if the LSST photometric errors turn out to be 
twice as large as predicted, then four times as many ob- 
servations (i.e. 180 observations or ~ 2 years) are needed 
to match the Euclid plus on-board optical FoM. 

We also studied two scenarios that could detrimentally 
affect the LSST observations: random photometric zero- 
point errors, and systematic zero-point offsets between 
ground and space observations. 

The error formulation given in Equation [2] for LSST 
specifically does not include any terms for mis-calibration 
of the zero-point (ZP) magnitudes from field to field. To 
study how any field-to-field ZP errors could negatively 
affect the photo-zs, we use the Canada-France-Hawaii- 
Telescope Legacy Survey (CFHTLS; Erben et al. 2009, 
Hildebrandt et al. 2009) as a reference point. Each point- 
ing of the LSST could have slight errors associated with 
the ZP calibration and so we divided our observational 
catalog into ^ 2000 fields, which is approximately the 
number of fields required for LSST to cover Euclid's 20 
000 deg^ survey. In each field we add a random Gaussian 
offset to the observed magnitudes in the various filters, 
where the standard deviations are similar to those found 
for CFHTLS (Hildebrandt, private communication) and 
are given in Table 21 This has the effect of increasing the 
spread in the photometric redshifts (shown in Figure I10|) 
and thus slightly decreasing the FoM (though not sig- 
nificantly) to 132. The small deviations expected from 
field-to-field ZP errors are for the most part dominated 
by the random photometric errors. Additionally, the ZP 
errors are independent and thus add in quadrature with 
the photometric errors, leading to only slight effects in 
the best-fitting photometric redshifts. Their contribu- 
tion is therefore almost negligible and we conclude that 
field-to-field ZP offsets in ground data are not likely to 
be an issue in DE weak lensing surveys. 

There is also a possibility that the LSST ZP magni- 
tudes could be systematically offset from the ZPs derived 
for the Euclid instrument. We found that this has the 
effect of worsening the photometric bias ^z, specifically 
at redshifts greater than ~ 1.5 when the 4000 A break 
starts to fall between the LSST filters and Euclid's IR 
filters. Figure [TT] demonstrates how this effect worsens 
as the systematic offset increases. The steep drop-off in 
bias (present in nearly all the figures) above redshift 3 
is a result of our brightness restriction, leading to small 
numbers of galaxies at this redshift and a bias towards 
galaxies that are erroneously bright in the RIZ band- 
pass due to photometric errors. The dropoff should not 
be confused with a failure of LSST, as the sharp decline 
in bias is also seen in Figure ID 

The rise in photo-z bias can have detrimental effects 
to the weak lensing analysis, which requires the central 
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redshift of each tomographic redshift bin to be known to 
better than 0.002(l+z). While many photo-z codes can 
correct for systematic offsets between band-passes (e.g. 
Ilbert et aL 2006, Coe et ah 2006), this requires spec- 
troscopic redshifts for comparison. This highhghts the 
importance of a spectroscopic redshift survey in order 
to properly calibrate the photometric redshifts. Such a 
survey is not without its own difficulties in that it has 
to overcome cosmic variance (van Waerbeke et al. 2006) 
and selection biases in order to obtain a fully representa- 
tive sample. The calibration of any systematic ZP offsets 
might be greatly aided if the instruments shared simi- 
lar band-passes, such as U or G, and avoided entirely if 
space-based surveys could be independent. 

4. CONCLUSIONS 

In this work, we have used the currently proposed Eu- 
clid design to study how future space-based weak lensing 
missions might be able to estimate photometric redshifts 
independently, i.e. without the use of complimentary 
ground-based observations. We found that the addition 
of two or even one optical band-passes to Euclid could 
greatly improve the fidelity of photometric redshifts the 
telescope can attain by itself. If the U and G filters are 
added, the constraints that Euclid will be able to place 
on dark energy from weak lensing (FoM = 119-126) are 
comparable to those using a combination of Euclid and 
ground-based LSST observations (FoM = 132). Addi- 
tionally, quite acceptable dark energy constraints can be 
obtained if only the U bandpass is added to the baseline 
Euchd design (FoM = 100). 

In their present form, to fuUfil their weak lensing goals 
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missions such as Euclid and WFIRST must rely on exter- 
nal ground-based observations. Including such ground- 
based observations entails many of the difficulties of com- 
bining two very large and different data sets, including, 
but not limited to, logistical complications, mis-match 
or potential delays in construction timescales, changes is 
planned survey designs, or data access limitations. Fur- 
thermore, if the survey area of the space-based observa- 
tions does not overlap entirely with that of the ground- 
based survey, then the FoM will be negatively affected. 
For example, if Euclid and LSST only share 10,000deg^, 
then the FoM obtainable by combining the observations 
will be only ~66 instead of ~132 in the case of full over- 
lap. The addition of on-board optical imaging through 
two or even one filter would avoid most of such complica- 
tions. It would allow future space-based instruments to 
meet their scientific requirements for weak lensing with- 
out having to risk relying on external data. 
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Fig. 1. — Uncertainty verses "observed" magnitude for objects with RIZ magnitude less than 24.5. Horizontal lines mark the lO-cr and 
S-cr uncertainties. 
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Fig. 2. — Left; Photometric redshift as a function of spectroscopic redshift using only Euclid's RIZ, Y, J and H band-passes. Ng^i is the 
number density of galaxies per arcmin^, cr^^/^x-i-z) is the overall standard deviation for all galaxies, and Fcata is the fraction of catastrophic 
redshifts defined to be Az > 0.3 (shown by the dashed diagonal lines). Right: Standard deviation (cr) and bias (/i) of the photometric 
redshifts scaled by 1 -|- 2 as a function of redshift; the bias does not include any corrections which may be possible through spectroscopic 
calibration. The dashed horizontal lines in the fi and cr panels show the scientific requirements for a weak lensing survey. The FoM for this 
scenario is less than 5. 
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Fig. 6. — Demonstrating the effects of time sharing between the U and G filters. The plot shows how the FoM changes as the percentage 
of time spent observing in (7-band increases. The G band observing percentage is 100 minus the U band percentage. The total observing 
time is 542s. The solid line is a fifth order polynomial fit to the data points. 
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Fig. 11. — Effects of a systematic offset between the zero-point magnitudes of Euclid and LSST. The solid black curve is the ideal case of 
no offset, and the green, blue, and red curves show the result of increasing offsets of 0.01, 0.02 and 0.05 magnitude respectively. The dashed 
lines indicate that the four Euclid bands are offset by a negative amount relative to LSST magnitudes, while the dotted lines indicate a 
positive offset. 
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filter 


Wavelength 


Obs. Time 


Total Throughput 




(nm) 


(s) 


(%) 


u 


300 - 440 


542 


0.35 


G 


440 - 550 


542 


0.5 


BIZ 


550 - 920 


542 


0.59 


Y 


920 - 1146 


88.5 


0.45 


J 


1146 - 1372 


107.4 


0.45 


H 


1372 - 2000 


61.8 


0.45 



TABLE 1 

Description of filters used in simulations for Euclid. Total Throughput is estimated to include all photon losses through 
THE system. Each filter is approximated as a box function. The U and G observation times listed are for the scenario 
where each of these filters feeds a dedicated detector; U and G observation times are shorter for other scenarios, as 

described in the text. 



Filter 


m5(LSST) 


7 


mio (Pan-4) 


u 


23.9 


0.037 




9 


25.0 


0.038 


25.9 


r 


24.7 


0.039 


25.6 


i 


24.0 


0.039 


25.4 


z 


23.3 


0.040 


23.9 


y 


22.1 


0.040 


22.3 



TABLE 2 

The LSST parameters used in Equation [2] (Ivezic et al. 2008) as well as the lOcr magnitudes assumed for Pan-STARRS 

(Abdalla ft al. 2008). 



Scenario 




inters 


Culling 




""Az/l+z 


^ cata 


FoM 


Euclid 




RIZ, Y, J, H 


N 


32.2 


0.951 


0.3985 


< 5 








Y 


2.3 


0.114 


0.0126 


< 5 


Euclid + 


Optical 


U, G, RIZ, Y, J, H 


N 


32.2 


0.052 


0.0043 


122 








Y 


31.6 


0.037 


0.0016 


126 


Euclid + 


Optical (50:50 U:G time split) 


U, G, RIZ, Y, J, H 


N 


32.2 


0.071 


0.0090 


113 








Y 


30.8 


0.046 


0.0029 


119 


Euclid + 


U Only 


U, RIZ, Y, J, H 


N 


32.2 


0.126 


0.0414 


85 








Y 


25.7 


0.062 


0.0063 


100 


Euclid + 


G Only 


G, RIZ, Y, J, H 


N 


32.2 


0.199 


0.0919 


58 








Y 


19.7 


0.059 


0.0047 


67 


Euclid + 


Pan-1 


g, r, i, z, y, Y, J, H 


N 


32.2 


0.299 


0.098 


41 








Y 


24.8 


0.102 


0.027 


72 


Euclid + 


Pan-4 


g, r, i, z, y, Y, J, H 


N 


32.2 


0.175 


0.039 


70 






Y 


30.1 


0.070 


0.010 


105 


Euclid + 


LSST 


u, g, r, i, z, y, Y, J, H 


N 


32.2 


0.030 


0.0011 


131 








Y 


32.2 


0.024 


0.0003 


133 


Euclid + 


LSST with ZP errors 


u, g, r, i, z, y, Y, J, H 


N 


32.2 


0.032 


0.0011 


130 








Y 


32.2 


0.025 


0.0004 


132 



TABLE 3 

Description and comparisons of various survey scenarios. Culling is defined as removing any objects with photo-z error 

BARS greater THAN 0.5. 



Band 


<^ZP 


u 


0.05 


9 


0.02 


r 


0.02 


i 


0.02 


z 


0.03 


y 


0.03 



TABLE 4 

Standard deviations of distributions from which a random zero-point offset error was chosen to apply to each pointing 

FROM LSST 



